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Simple Summary: Coccidiosis is a severe parasitic disease of poultry caused by parasites of the
genus Eimeria. Eimeria species infection disrupts the intestinal microbiota of broilers, thereby reducing
gut health and growth performance. Continuous use of anti-coccidial drugs leads to the selection
of drug-resistant strains of Eimeria. Therefore, developing substitutes for anti-coccidial drugs is an
urgent, unmet need. Fermented products produced by Bacillus licheniformis containing probiotics
and antimicrobial peptides can modulate the gut microbiota of broilers. However, little is known
about the effect of fermented products produced by B. licheniformis on the health, growth, and gut
microbial community of broilers exposed to coccidial challenge. In this study, the anti-coccidial and
gut microbiota modulatory effect of fermented products produced by B. licheniformis on broilers was
evaluated. Results showed that Bacillus licheniformis-fermented product supplementation improved
average daily gain at 21 to 35 days of age and regulated the cecal microbial community of broilers
exposed to coccidial challenge compared with coccidial challenge alone group.

Abstract: This study investigated the effects of fermented products produced by Bacillus licheniformis
(fermented products) on the growth performance and cecal microbial community in broilers exposed
to coccidial challenge. A total of 108 one-day-old male broiler chicks (Ross 308) were randomly
allotted to one of three treatments. Each treatment was distributed into six replicate cages with six
birds each. The treatments consisted of a basal diet without treatment (NC), basal diet plus coccidial
challenge (PC), and basal diet plus the coccidial challenge and 1 g/kg of fermented products (FP). The
results indicated that FP increased the average daily gain of broilers at 21 to 35 days of age compared
with the PC group (p < 0.05). The anti-coccidia index in the FP group was elevated compared with
the PC group (p < 0.05). Principal coordinate analysis showed significant segregation in bacterial
community composition in the cecal digesta among the groups. The genus Lactobacillus was more
abundant in the cecal digesta of the FP group compared with the PC group (p < 0.05). There was a
positive correlation between the abundance of the genus Lactobacillus in the cecal digesta and growth
performance (body weight, average daily gain, and average feed intake). Furthermore, the abundance
of the genus Lactobacillus in the cecal digesta was positively associated with the cecal short-chain fatty
acid levels (formic acid, acetic acid, propionic acid, butyric acid, and isobutyric acid). These findings
suggest that fermented products produced by B. licheniformis can ameliorate the average daily gain of
broilers exposed to coccidial challenge. B. licheniformis-fermented product supplementation increases
anti-coccidial activity and modulates gut microbiota composition by increasing beneficial microbes
and decreasing harmful microbes in broilers under coccidial challenge.
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1. Introduction

Coccidiosis is a severe enteric disease in poultry caused mainly by protozoa from the
Eimeria genus. Coccidiosis costs the poultry industry about 3 billion US dollars annually
worldwide due to high mortality, impaired growth, and high medical costs [1]. Anti-
coccidial drugs have been widely used to control coccidiosis, but drug resistance of Eimeria
species in chickens has become prevalent worldwide. Because of the disadvantages of
current anti-coccidial drugs and vaccines [2], alternative strategies to prevent coccidiosis in
broilers are an urgent and unmet need in the poultry industry. Several natural products,
such as medicinal plants, herbal extracts, essential oils, organic acids, and probiotics, have
been reported to have beneficial effects for the prevention of coccidiosis [3-8].

Bacillus licheniformis, a Gram-positive endospore-forming probiotic, has either been
observed or isolated from the digestive tract of broilers [6]. Dietary supplementation with
B. licheniformis ameliorates the growth performance and relieves necrotic enteritis caused by
Clostridium perfringens in broilers [9-11]. However, the beneficial effects of B. licheniformis
as probiotics in broilers infected with coccidian parasites are still limited. Only one study
reported that B. licheniformis can improve body weight gain, intestinal lesion score, and
fecal oocysts in broilers challenged with mixed coccidia infection [12]. The underlying
mechanisms of how B. licheniformis prevents coccidiosis of broilers are still unclear.

The commercial feed additive of B. licheniformis is mainly produced by liquid-state
fermentation and fermented products (B. licheniformis spores only, without functional
metabolites) are then directly mixed into the diet. Compared with liquid-state fermen-
tation, our previous study demonstrated that B. licheniformis can be produced by solid-
state fermentation. Fermented products contain B. licheniformis spores and functional
metabolites (antimicrobial cyclic lipopeptide) [13]. Furthermore, B. licheniformis-fermented
products also display antimicrobial activity against C. perfringens and Brachyspira hyodysen-
teriae in vitro [13,14]. Dietary supplementation with fermented products produced by
B. licheniformis can ameliorate growth performance, alleviate necrotic lesions, and improve
intestinal morphology in broilers exposed to C. perfringens challenge [15,16].

In addition, fermented products also modulate intestinal bacterial composition in
broilers [15]. It has been reported that Eimeria tenella infection induces perturbation of the
cecal microbiota in different strains of broilers by elevating pathogenic bacteria abundance
and reducing beneficial bacteria abundance [17,18]. Therefore, based on our previous
studies, we hypothesize that fermented products might alleviate coccidiosis by normalizing
the cecal microbiota composition of broilers.

The specific objectives of the present study were to investigate the effects of fermented
products produced by B. licheniformis on growth performance and cecal microbial commu-
nity in broilers exposed to coccidial challenge. The findings provide a basis for the use of
B. licheniformis-fermented products as a possible method for preventing coccidia in poultry.

2. Materials and Methods

The Institutional Animal Care and Use Committee of National Ilan University re-
viewed and approved the animal protocol for the current study (IACUC, protocol
number 107-12).

2.1. Experimental Design

The fermented products were produced in our previous study and the concentration
of B. licheniformis and B. licheniformis-derived antimicrobial cyclic lipopeptide (surfactin)
in fermented products were 5 x 10'! CFU/g and 10 mg/g, respectively [16]. A total of
108 one-day-old male broiler chicks (Ross 308) obtained from a local commercial hatchery
with an average body weight of 43.96 & 0.05 g were randomly allotted to one of three
treatments in a completely randomized design. Each treatment was distributed into six
replicate cages with six birds each. Broilers were reared in stainless-steel, temperature-
controlled cages (190 cm x 50 cm x 35 cm).
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The treatments consisted of (1) basal diet without treatment (NC), (2) basal diet plus
coccidial challenge (PC), and (3) basal diet plus the coccidial challenge and 1 g/kg of
fermented products (FP). The experimental diets were formulated to meet or exceed the
requirements of birds according to National Research Council recommendations (Nutrient
Requirements for Poultry, 1994, Table 1). In the FP group, the soybean meal in the basal
diet was replaced with fermented products equally. No coccidiostats and antibiotics were
included in the diets. The broilers were on the test diets from 1 to 35 days of age. The
feeding program had two phases that spanned days 1-20 and days 21-35.

Table 1. Ingredients and nutrition composition of basal diets.

Item 1-20 Day 21-35 Day
Ingredient (%, as fed)
Corn, yellow 55.42 60.73
Soybean meal 35.52 31.53
Fish meal 3.99 3.63
Vegetable oil 3.52 3.02
Limestone 1.52 1.27
Salt 0.30 0.30
Monocalcium phosphate 0.92 0.78
Vitamin premix 1 0.20 0.20
Mineral premix 2 0.20 0.20
DL-methionine 0.20 0.20
L-lysine 0.10 0.06
Choline chloride 0.05 0.05
Nutritional content (%, as fed)
Dry matter 8.89 8.87
Crude protein 22.16 20.63
Analyzed calcium 1.02 0.87
Analyzed total phosphorus 0.69 0.63
Lysine 1.12 0.95
Methionine + Cystine 0.85 0.76
Metabolizable energy (kcal/kg) 3081.1 3057.2

! Premix supplied per kg of diet: 160 mg of choline chloride, 20 mg of D-biotin, 10 mg of nicotine amid, 8.3 mg
of a-tocopheryl acetate, 8 mg of cyanocobalamin, 2.2 mg of menadione, 2 mg of pyridoxine HCI, 1.8 mg of
all-trans-retinyl acetate, 0.3 mg of folic acid, and 0.02 mg of cholecalciferol; 2 Premix supplied per kg of diet:
32 mg of Mn (MnSO4-H;0), 24 mg of Zn (Zn0O), 16 mg of Fe (FeSO4-7H,0), 2 mg of Cu (CuSO4-5H,0), 800 pg of
I (KT), 200 ug of Co (CoSOy), and 60 ug of Se.

The birds were given drinking water and feed ad libitum. A 23 light: 1 dark photope-
riod was applied for the first week and then a 20 light: 4 dark photoperiod was applied
after the first week. Ambient temperature on days 1 to 3 was set at 33 °C and gradually
reduced to 30 °C on days 4 to 7, 27 °C on days 8 to 14, and 24 °C on days 15 to 35.

Newcastle disease—infectious bronchitis vaccination programs were performed on
days 4 and 14 by nose drop administration (multivalent vaccine containing live New-
castle disease virus, Bl type, Bl strain and live IB virus, Massachusetts and Connecticut
serotypes, Zoetis, Parsippany, NJ, USA). The commercial coccidial vaccine (Coccidiosis
Quadrivalent Vaccine for Chickens, Guangdong Wens Dahuanong Biotechnology, Guang-
dong, China) containing anti-coccidial-sensitive strains of E. tenella, E. maxima, E. necatrix,
and E. acervulina is a live oocyst isolated from chickens. A dose of the vaccine (1x), as
recommended by the manufacturer, contains approximately 1100 oocysts. To mimic the
Eimeria species challenge, a 10x dose of the commercial coccidial vaccine (approximately
11,000 oocysts and dissolved in distilled water) was administered to broilers in challenged
groups (PC and FP) by oral gavage on day 14, whereas birds in the unchallenged group
(NC) were orally gavaged with distilled water. Body weight and feed intake on a pen basis
were evaluated every week and every day, respectively. The growth performance (average
body weight, average daily gain, average daily feed intake, and feed conversion ratio) was
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calculated from two feeding phases (days 1-20 and days 21-35). The mortality of broilers
was monitored daily.

2.2. Evaluation of Anti-Coccidial Index

The anti-coccidial index (ACI) was calculated based on the following formula, ACI =
[relative body weight gain (RBWG, %) + survival rate (SR, %)] — [lesion score index (LSI) +
oocyst count index (OI)]. The RBWG and SR of all broilers were recorded from days 14 to
35. For LSI analysis, two broilers per replicate were selected at the end of the experiment
(day 35) based on their cage’s average body weight and then euthanized using carbon
dioxide inhalation. Both ceca from each broiler were freshly collected for macroscopic
LS evaluation using the method established by a previous study [19]. Two broilers per
replicate were chosen based on their cage’s average weight for Ol analysis. Feces from each
broiler were freshly collected daily from days 14 to 35 in an independent cage. After daily
fecal sample collection, fresh feces from two broilers were weighed, pooled, suspended in
water, and counted on McMaster egg-counting chambers (Vetlab Supplies, West Sussex,
United Kingdom). Oocysts per gram of feces (OPG) were calculated from the average of
3 counts of each fecal sample. OI was calculated as follows: 100 x 0.4 x (oocyst counts per
group)/oocyst counts for the coccidial challenge alone group.

2.3. 16S Ribosomal RNA Gene Sequencing and Data Processing

For microbiota analysis, two broilers per replicate were chosen at the end of the
experiment (day 35) based on their cage’s average weight and then euthanized using
carbon dioxide inhalation (birds chosen for microbiota analysis were identical to those
for LSI analysis). Fresh digesta from the cecum of two broilers were sampled and pooled
from each replicate. Three replicates (n = 3) were used for 165 ribosomal RNA gene
sequencing. The total genomic DNA from cecal digesta was extracted and purified us-
ing a ZymoBIOMICS DNA Miniprep kit (Zymo Research, Irvine, CA, USA). Total DNA
quantitative and qualitative analyses were measured by a Quantus Fluorometer (Promega,
Madison, WI, USA) and agarose gel electrophoresis, respectively. The V3-V4 hypervariable
region of the 165 rRNA gene from individual samples was amplified using 341F-805R
primer (5-CCTACGGGNGGCWGCAG-3' and 5'-GACTACHVGGGTATCTAATCC-3).
The PCR amplicons were purified using a QIAquick Gel Extraction kit (QIAGEN, German-
town, MD, USA). Sequencing libraries were produced and sequenced at a read length of
300 nucleotides on a MiSeq platform (Illumina, San Diego, CA, USA). The sequence data
were processed using the QIIME 2 software package (version 2017.4, GitHub, San Francisco,
CA). High-quality reads were selected and all of the effective reads from all samples were
clustered into operational taxonomic units (OTUs) based on 97% sequence similarity using
UCHIME (version 4.2, GitHub) and mothur software (version 1.39.5, GitHub). Alpha
diversity (richness and evenness) and phylogenetic assignment were accessed using QIIME
2 software (version 2017.4, GitHub) and naive Bayesian classification method, respectively.
The principal component analysis (PCA) and principal coordinate analysis (PCoA) based
on the unweighted and weighted UniFrac distance matrices were used to visualize the
difference of microbiota among groups using the R packages (version 3.5.0 and version
1.7.13, GitHub). The functions of all the OTUs were predicted by Kyoto Encyclopedia of
Genes and Genomes (KEGG) databases using PICRUSt software (version 1.1.4, GitHub).
Correlation analysis was performed using the Correlogram (version 0.84, GitHub).

2.4. Cecal Short-Chain Fatty Acid Measurement

For cecal short-chain fatty acid extraction, two broilers per replicate were chosen
at the end of the experiment (day 35) based on their cage’s average weight and then
euthanized using carbon dioxide inhalation (birds chosen for short-chain fatty acid analysis
were identical to those for LSI and microbiota analysis). Fresh digesta from the cecum
of two broilers were sampled and pooled from each replicate. Three replicates (n = 3)
were used for the quantification of short-chain fatty acid. The short-chain fatty acids
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were analyzed by gas chromatography-mass spectrometry (Bruker GC-MS System, Burker
Corp., Billerica, MA, USA). Briefly, cecal digesta was extracted with 10% isobutanol and
homogenized. After centrifugation, the supernatant was isolated and mixed with NaOH
and chloroform. The aqueous phase of the mixture was mixed with isobutanol, pyridine,
and isobutyl chloroformate and sonicated. The mixture was then extracted with hexane.
After centrifugation, the short-chain fatty acid contents in the supernatant were analyzed
by gas chromatography-mass spectrometry. The separations were performed on low-
bleed GC/MS columns (VF-5ms, 30 m x 0.25 mm; Agilent, Santa Clara, CA, USA) at
a flow rate of 1.0 mL/min helium as a carrier gas. The electron energy was 70 eV. The
oven temperature was held at 40 °C for 5 min, then ramped to 310 °C at a rate of 10 °C
min~!. Injection volumes for all samples and standards were 2.0 L with a 10:1 split ratio.
The cecal short-chain fatty acids measured were formic, acetic, propionic, butyric, and
isobutyric acid.

2.5. Statistical Analysis

Replicates were considered to be the experimental units. Individual cages were
defined as replicates for each determined parameter. The Student’s t-test (two-tailed) was
used for intergroup comparison in SAS software (version 9.4, 2012; SAS Institute, Cary,
NC, USA). p < 0.05 was considered statistically significant. The PCoA analysis based
on UniFrac distances coupled with standard multivariate statistics was assessed. The
relationship between the dominant 10 genera, growth performance, and short-chain fatty
acid levels was assessed using Pearson’s correlation coefficient (r).

3. Results
3.1. Effect of Fermented Products Produced by B. licheniformis on the Growth Performance,
Anti-Coccidial Index, and Cecal Short-Chain Fatty Acid Levels of Broilers Exposed to
Coccidial Challenge

No dead birds were observed over the experimental period. The effect of fermented
products produced by B. licheniformis on the growth performance of broilers under coccidial
challenge is described in Table 2. The PC group had a reduced body weight at 35 days of
age compared with the NC group (p = 0.031). The PC group had a reduced average daily
weight gain between day 21 and day 35 of age (p = 0.037) and this was also significant
during the whole experimental period (day 1 to 35 of age) compared with the NC group
(p = 0.031). Fermented product supplementation increased the average daily gain between
day 21 and day 35 of age compared with the PC group (p = 0.05). The average daily feed
intake was increased between day 21 and day 35 of age (p = 0.012 and p = 0.003) and the
whole experiment period (p < 0.001 and p = 0.006) in the PC and FP group compared with
the NC group. PC and FP group had a worsened feed conversion ratio at 21 to 35 days
of age (p = 0.014 and p = 0.023) and the whole experiment period (p = 0.011 and p = 0.02)
compared with the NC group. PC group had a lower anti-coccidial index compared with
the NC group (p < 0.001). The anti-coccidial index was increased in the FP group compared
with the PC group (p < 0.001). The effect of fermented products on the cecal short-chain
fatty acids of broilers at 35 days of age in response to coccidial challenge is described
in Table 3. There were no significant differences between the NC and PC group in all
short-chain fatty acid levels in cecal digesta. Fermented product supplementation could
increase the propionic acid levels in the cecal digesta of broilers compared with the NC
and PC group (p = 0.02 and p < 0.001).
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Table 2. Effect of fermented products produced by B. licheniformis on the growth performance and anti-coccidial index of

broilers under coccidial challenge.

p Value
Item Nc1 PC FP SEM
NCvs. PC PCvs. FP FP vs. NC
Body weight (g/bird)

1 day 43.8 43.8 44.1 0.07 0.889 0.133 0.101

20 day 823.1 795.3 792.3 14.37 0.380 0.952 0.068

35 day 2065.8 1880.8 2006.7 32.78 0.031 0.144 0.310

Average daily gain (g/d/bird)

1-20 day 39.0 37.6 35.8 0.68 0.380 0.319 0.067

21-35 day 88.8 77.5 89.0 2.17 0.037 0.050 0.939

1-35 day 57.8 52.5 56.1 0.94 0.031 0.145 0.307

Average daily feed intake (g/d/bird)

1-20 day 66.0 67.0 69.6 0.99 0.490 0.386 0.208

21-35 day 137.3 165.7 172.8 5.38 0.012 0.566 0.003

1-35 day 95.5 106.5 110.9 2.49 <0.001 0.464 0.006

Feed conversion ratio

1-20 day 1.7 1.8 2.0 0.06 0.326 0.280 0.074

21-35 day 1.6 22 2.0 0.10 0.014 0.384 0.023

1-35 day 1.6 2.0 2.0 0.07 0.011 0.745 0.020
Anti-coccidial index 172.5 112.0 169.9 7.07 <0.001 <0.001 0.581

I NC = Basal diet; PC = Basal diet in combination with the coccidial challenge; FP = Basal diet plus 1 g/kg of B. licheniformis-fermented
products in combination with the coccidial challenge.

Table 3. Effect of fermented products produced by B. licheniformis on the cecal short-chain fatty acid levels of broilers in

response to the coccidial challenge.

p Value
Item Nc!? PC FP SEM
NCvs. PC PCvs. FP FP vs. NC
Formic acid (uM) 1.2 0.7 1.0 0.10 0.065 0.104 0.360
Acetic acid (uM) 60.3 59.6 69.1 476 0.961 0.459 0.537
Propionic acid (uM) 1.4 1.9 3.9 0.44 0.481 <0.001 0.020
Butyric acid (uM) 7.8 8.6 12.7 1.02 0.621 0.153 0.064
Isobutyric acid (uM) 0.2 0.4 0.3 0.05 0.366 0.822 0.084

1 NC = Basal diet; PC = Basal diet in combination with the coccidial challenge; FP = Basal diet plus 1 g/kg of B. licheniformis-fermented
products in combination with the coccidial challenge.

3.2. Effect of Fermented Products Produced by B. licheniformis on the Cecal Bacterial Community
Composition of Broilers in Response to the Coccidial Challenge

At 35 days of age, the averages of high-quality reads and OTUs from the cecal digesta
of broilers fed only a basal diet, basal diet plus coccidial challenge, or basal diet plus
coccidial challenge and fermented products were 71,381 and 5235, 72,941 and 6543, 73,972
and 6328, respectively. The PC group had an increased species richness (Chaol, p = 0.016
and Fisher alpha, p = 0.031) and species evenness (Shannon, p = 0.004 and Enspie, p = 0.002)
levels in the cecal digesta of broilers compared with the NC group (Table 4). The species
richness (Chaol, p = 0.033 and Fisher alpha, p = 0.045) and species evenness (Shannon,
P =0.016) was increased in the FP group in the cecal digesta of broilers compared with
the NC group. There were no significant differences between the PC and FP groups in the
species richness and species evenness in the cecal digesta of broilers (Table 4). The PCA
result revealed that OTU composition among groups was not well-separated (Figure 1a).
In contrast, unweighted PCoA (qualitative traits) and weighted PCoA (quantitative traits)
exhibited significant segregation in bacterial community composition in the cecal digesta
among the groups (Figure 1b,c).
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Table 4. Effect of fermented products produced by B. licheniformis on the bacterial species richness
and evenness in the cecal digesta of broilers.

p Value
Item Nc!? PC FP SEM
NCvs. PC PC vs. FP FP vs. NC
Chaol 63.0 73.7 74.3 2.19 0.016 0.871 0.033
Fisher alpha 7.1 8.4 8.5 0.29 0.031 0.879 0.045
Shannon 2.6 3.0 34 0.12 0.004 0.151 0.016
Enspie 3.0 4.0 4.8 0.33 0.002 0.324 0.061

1 NC = Basal diet; PC = Basal diet in combination with the coccidial challenge; FP = Basal diet plus 1 g/kg of
B. licheniformis-fermented products in combination with the coccidial challenge.

b c
Unweighted PCoA Analysis Weighted PCoA Analysis
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Figure 1. Advanced analysis of the bacterial communities of cecal digesta. (a) Principal component analysis of the cecal
digesta of basal diet without treatment (NC), basal diet plus coccidial challenge (PC), and basal diet plus the coccidial
challenge and 1 g/kg of B. licheniformis-fermented products (FP) (n = 3). Principal coordinate analysis of quantitative traits

(unweighted UniFrac distances) (b) and qualitative traits (weighted UniFrac distances) (c) of the cecal bacterial communities
from NC, PC, and BLFP (n = 3).

3.3. Effects of Fermented Products Produced by B. licheniformis on the Cecal Bacterial Taxonomic
Distribution in Broilers Exposed to Coccidial Challenge

The results of bacterial taxonomic assignment and ranking in the cecal digesta of
broilers are shown in Table 5. At the phylum level, the abundance of the phyla Firmicutes
(p = 0.015) and Actinobacteria (p = 0.01) was increased and the abundance of the phylum
Proteobacteria (p = 0.009) was reduced in the PC group compared with the NC group. Fer-
mented product supplementation could increase the abundance of the phylum Proteobacte-
ria (p = 0.049) and decrease the abundance of the phylum Actinobacteria (p = 0.03) compared
with the PC group. The abundance of the phylum Firmicutes (p = 0.025) was increased
and the abundance of the phylum Proteobacteria (p = 0.021) was decreased in the FP group
compared with the NC group. At the genus level, the abundance of the genera Ruminococ-
cus_torques_group (p = 0.022), Ruminiclostridium_9 (p = 0.001), Butyricicoccus (p < 0.001),
Blautia (p < 0.001), Eubacterium_hallii_group (p = 0.016), and Ruminiclostridium_5 (p = 0.004)
were increased and the abundance of the genera Lachnospiraceae_unclassified (p < 0.001),
Lactobacillus (p = 0.026), and Sellimonas (p = 0.001) were decreased in the PC group compared
with the NC group. Fermented product supplementation could increase the abundance
of the genera Lactobacillus (p = 0.031) and Blautia (p = 0.009) and decrease the abundance
of the genera Ruminococcus_torques_group (p = 0.003) and Romboutsia (p = 0.003) compared
with the PC group. The abundance of the genera Lactobacillus (p = 0.045), Ruminiclostrid-
ium_9 (p < 0.001), Butyricicoccus (p < 0.001), Blautia (p < 0.001), Eubacterium_hallii_group
(p = 0.001), and Ruminiclostridium_5 (p = 0.005) were increased and the abundance of the
genera Lachnospiraceae_unclassified (p = 0.032), Ruminococcus_torques_group (p = 0.019), Sell-
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imonas (p = 0.015), and Romboutsia (p = 0.001) and were decreased in the FP group compared
with the NC group.

Table 5. Bacterial taxonomic assignment and ranking within the cecal digesta of broilers.

Relative Abundance (%) p Value
Item SEM
NC!? PC FP NCvs. PC PC vs. FP FP vs. NC

Phylum

Firmicutes 98.5 99.4 99.3 0.15 0.015 0.132 0.025

Proteobacteria 1.3 04 0.6 0.16 0.009 0.049 0.021

Actinobacteria 0.1 0.2 0.1 0.02 0.010 0.030 0.408
Genus

Lachnospiraceae_unclassified 53.3 41.5 41.5 2.26 <0.001 1.000 0.032

Ruminococcus_torques_group 21.5 27.0 17.2 1.51 0.022 0.003 0.019

Lactobacillus 2.2 14 8.6 1.30 0.026 0.031 0.045

Ruminiclostridium_9 2.6 42 3.7 0.24 0.001 0.052 <0.001

Butyricicoccus 2.0 3.9 3.8 0.32 <0.001 0.780 <0.001

Blautia 0.5 2.5 4.8 0.64 <0.001 0.009 <0.001

Eubacterium_hallii_group 0.3 11 1.6 0.20 0.016 0.095 0.001

Ruminiclostridium_5 1.1 21 1.9 0.15 0.004 0.510 0.005

Sellimonas 2.7 1.4 13 0.25 0.001 0.680 0.015

Romboutsia 1.6 1.8 0.5 0.20 0.382 0.003 0.001

I NC = Basal diet; PC = Basal diet in combination with the coccidial challenge; FP = Basal diet plus 1 g/kg of B. licheniformis-fermented

products in combination with the coccidial challenge.

Furthermore, similar microbial community clusters (coccidial oocysts-responsive bac-
terial clusters), such as genera Ruminococcaceae_UCG_014, Blautia, CHKCI001, Caproicipro-
ducens, Subdoligranulum, Ruminococcaceae_UCG_013, Butyricicoccus, and Ruminiclostridium_5
were found in the PC and FP group (Figure 2). Partial microbial community clusters
were overlapped between the NC and PC groups, such as genera Romboutsia, Ruminococ-
cus_torques_group, and Oscillibacter (Figure 2). The overlaps in microbial community clusters
were found between the NC and FP groups, such as genera Eisenbergiella, Lactobacillus, and
Clostridiales_vadinBB60_group_ unclassified.
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Figure 2. Taxonomic composition analysis of cecal digesta. A heatmap showing the dominant 35 genera (y-axis) across
different treatment groups (x-axis, basal diet without treatment (NC), basal diet plus coccidial challenge (PC), and basal diet
plus the coccidial challenge and 1 g/kg of B. licheniformis-fermented products (FP), n = 3).

A comparative microbial function within the cecal digesta of broilers is presented
in Table 6. The results demonstrate that cellular community—prokaryotes function was
promoted in the PC group compared with the NC group (p = 0.006). Fermented product
supplementation decreased cellular community—prokaryotes function compared with the
PC group (p = 0.05).
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Table 6. Differences in microbial functions within the cecal digesta of broilers based on Kyoto Encyclopedia of Genes and

Genomes functional categories.

Relative Abundance (%) p Value
NC! PC FP SEM NCvs.PC  PCvs. FP FP vs. NC

Membrane transport 3.94 3.71 3.79 0.845 0.918 0.972 0.946
Nucleotide metabolism 3.27 3.31 3.34 0.093 0.880 0.879 0.788
Cell motility 1.66 1.65 1.59 0.023 0.948 0.369 0.256
Signal transduction 1.23 1.39 1.28 0.402 0.872 0.916 0.955
Translation 1.07 1.03 1.09 0.187 0.901 0.890 0.989
Energy metabolism 1.06 1.15 1.12 0.097 0.738 0.914 0.811
Amino acid metabolism 0.98 1.17 1.08 0.062 0.225 0.562 0.533
Carbohydrate metabolism 0.83 0.72 0.80 0.045 0.315 0.471 0.781
Replication and repair 0.78 0.75 0.74 0.073 0.864 0.978 0.842
Metabolism of cofactors and vitamins 0.53 0.48 0.51 0.036 0.575 0.718 0.822
Folding, sorting and degradation 0.47 0.43 0.46 0.053 0.751 0.793 0.949
Cell growth and death 0.46 0.47 0.46 0.124 0.970 0.970 1.000
Glycan biosynthesis and metabolism 0.26 0.21 0.23 0.058 0.738 0.857 0.873
Metabolism of other amino acids 0.25 0.25 0.25 0.023 0.995 0.951 0.947
Environmental adaptation 0.24 0.25 0.23 0.004 0.167 0.082 0.228
Lipid metabolism 0.18 0.15 0.16 0.020 0.661 0.887 0.766
Cellular community—prokaryotes 0.16 0.19 0.17 0.005 0.006 0.050 0.670
Xenobiotics biodegradation and 0.14 0.16 0.15 0.012 0513 0.694 0.792
metabolism

Infectious diseases: Bacterial 0.14 0.14 0.14 0.013 0.936 0.953 0.880
Metabolism of terpenoids and 0.12 0.11 011 0018 0.828 0.912 0.912
polyketides

Transcription 0.09 0.07 0.07 0.017 0.663 0.871 0.781
Endocrine system 0.05 0.04 0.04 0.072 0.571 0.889 0.665
Transport and catabolism 0.05 0.04 0.04 0.009 0.780 0.985 0.786
Biosynthesis of other secondary 0.04 0.03 0.04 0.004 0.609 0.720 0.889
metabolites

Endocrine and metabolic diseases 0.03 0.03 0.03 0.002 0.858 0.573 0.626

1 NC = Basal diet; PC = Basal diet in combination with the coccidial challenge; FP = Basal diet plus 1 g/kg of B. licheniformis-fermented
products in combination with the coccidial challenge.

3.4. Correlation between the Abundance of the Genera, Growth Performance, and Cecal
Short-Chain Fatty Acid Levels

There was a positive correlation between the abundance of the genus Lachnospiraceae_
unclassified and Lactobacillus in the cecal digesta and average daily gain (ADG) and body
weight (BW), the genera Romboutsia, Ruminococcus_torques_group, Ruminiclostridium_9, Bu-
tyricicoccus, and Ruminiclostridium_5 were negatively associated with the BW and ADG
(Figure 3a). The abundance of the genera Lachnospiraceae_unclassified, Sellimonas, Rom-
boutsia, and Ruminococcus_torques_group was negatively associated with the average daily
feed intake (ADFI), the genera Lactobacillus, Ruminiclostridium_9, Butyricicoccus, Blautia,
and Eubacterium_hallii_group and were positively associated with the ADFI (Figure 3a).
A negative correlation between the abundance of the genera Lachnospiraceae_unclassified,
Sellimonas, and Romboutsia and feed conversion ratio (FCR) was observed, the genera
Ruminiclostridium_9, Butyricicoccus, Ruminiclostridium_5, and Blautia were positively cor-
related with FCR (Figure 3a). There was a negative correlation between the propionic
acid and butyric acid levels and the abundance of the genera Lachnospiraceae_unclassified,
Sellimonas, Romboutsia, and Ruminococcus_torques_group, the abundance of the genera Lac-
tobacillus, Blautia, and Eubacterium_hallii_group were positively correlated with propionic
acid and butyric acid levels (Figure 3b). A negative correlation between the isobutyric
acid levels and the abundance of the genera Lachnospiraceae_unclassified, Sellimonas, and
Romboutsia, the abundance of the genera Butyricicoccus, Ruminiclostridium_5, Lactobacillus,
Blautia, and Eubacterium_hallii_group was positively correlated with isobutyric acid levels
(Figure 3b). There was a negative correlation between the acetic acid levels and the abun-
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dance of the genera Sellimonas, Romboutsia, and Ruminococcus_torques_group, the abundance
of the genera Lactobacillus and Blautia was positively correlated with isobutyric acid levels
(Figure 3b). A negative correlation between the formic acid levels and the abundance of the
genera Romboutsia, Ruminococcus_torques_group, Ruminiclostridium_9, Butyricicoccus, and
Ruminiclostridium_5, the abundance of the genera Lachnospiraceae_unclassified and Lacto-
bacillus was positively correlated with isobutyric acid levels (Figure 3b). The abundance
of the genus Lactobacillus was strongly negatively associated with the abundance of the
genera Romboutsia and Ruminococcus_torques_group (Figure 3c). There was a strong negative
correlation between the abundance of the genus Lachnospiraceae_unclassified and the abun-
dance of the genera Blautia, Eubacterium_hallii_group, Ruminiclostridium_9, Butyricicoccus,
and Ruminiclostridium_5 (Figure 3c). In contrast, the abundance of the genera Blautia,
Eubacterium_hallii_group, Ruminiclostridium_9, Butyricicoccus, and Ruminiclostridium_5 was
positively correlated with each other (Figure 3c).
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Figure 3. Pearson’s correlation analysis. (a) The correlation coefficient between the dominant 10 genera and cecal short-chain
fatty acid. (b) The correlation coefficient between the dominant 10 genera and growth performance of broilers. ADFI:
average daily feed intake, FCR: feed conversion ratio, ADG: average daily gain, BW: body weight. (c) The correlation
coefficient among the dominant 10 genera. The positive correlations are shown in blue, while the negative correlations are
shown in red. The color intensity and the size of the circle are proportional to the correlation coefficients. The values from
+1 to —1 indicate the strength of the association.
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4. Discussion

The overuse of drugs for coccidiosis in poultry leads to anti-coccidial drug resistance
in parasites. Hence, probiotics have been considered as alternative candidates for anti-
coccidial drugs. It has been demonstrated that B. licheniformis can ameliorate body weight
gain, intestinal lesion score, and fecal oocysts in broilers challenged with mixed coccidia
infection [12]. Our previous study demonstrated that fermented products produced by
B. licheniformis containing antimicrobial lipopeptides had similar benefits as antibiotics in
the growth performance of broilers [15]. We further confirmed that fermented products
produced by B. licheniformis exhibited anti-coccidial activity in broilers in the present study.
In addition, fermented products could modify the cecal microbial community by increasing
the genus Lactobacillus abundance and decreasing the genus Ruminococcus_torques_group
abundance. Similar to a previous study [15], the abundance of the genres Lactobacillus
and Ruminococcus_torques_group were also positively and negatively correlated with the
growth performance of broilers, respectively. The main findings of this study suggest that
fermented products produced by B. licheniformis can normalize Eimeria species-induced
adverse impacts on average weight gain and cecal microbiota of broilers.

Gut microbial balance plays a critical role in maintaining the health and growth of
poultry by modulation of the nutrient digestion, intestinal function, and immune sys-
tem [20]. The intestinal microbiome can be affected by host and diet and overgrowth of
pathogenic bacteria in the gut leads to systemic infection [20]. It has been reported that E.
tenella infection can cause an intestinal microbial imbalance in broilers by increasing the
pathogenic bacteria abundance and decreasing the beneficial bacteria abundance, thereby
promoting gut damage [17,18]. The Ruminococcus torques group genus is associated with
gastrointestinal diseases by the degradation of mucin in the gastrointestinal tract, resulting
in facilitating gut dysfunction [21,22].

In broilers, the genus Ruminococcus torques group abundance is inversely correlated
with the growth performance [15,23]. Thus, the genus Ruminococcus torques group can be
considered as pathogenic bacteria. In the present study, fermented products produced
by B. licheniformis can normalize the genus Ruminococcus torques group abundance in the
cecum of broilers under coccidial challenge. The genus Ruminococcus torques group abun-
dance is negatively associated with the growth performance in broilers under coccidial
challenge, which is in agreement with previous studies [15,23]. In beneficial bacteria, it
has been demonstrated that Lactobacillus species are able to inhibit E. tenella sporozoite
invasion in vitro [24]. Lactobacillus-based probiotics also exhibit anti-coccidial properties in
broilers [2,25]. In the present study, fermented products can increase the genus Lactobacillus
abundance in the cecum of broilers exposed to coccidial challenge. Furthermore, the genus
Lactobacillus abundance is positively associated with the growth performance in broilers
under coccidial challenge, which is also in agreement with previous studies [15,23]. These
results imply that fermented products produced by B. licheniformis may inhibit Eimeria
oocyst development in the cecum of broilers by increasing the genus Lactobacillus abun-
dance and decreasing the genus Ruminococcus torques group abundance. In our study, some
bacteria are specifically sensitive to fermented products or coccidial challenge treatment in
the cecum of broilers, such as genus Romboutsia. It has been reported that the administration
of Lactobacillus species can decrease the genus Romboutsia abundance in the feces of laying
hens and also improve the laying rate [26]. In the present study, the genus Romboutsia
abundance is negatively correlated with the genus Lactobacillus abundance in broilers,
which is in agreement with a previous study [26].

We also observed that fermented products improve the average daily gain and also
decrease the abundance of the genus Romboutsia in the cecum. Thus, these findings
imply that fermented products specifically attenuate the genus Romboutsia abundance
and the genus Romboutsia may play a significant factor in the growth traits of poultry. In
addition to the genus Romboutsia, the genera Lachnospiraceae_unclassified and Sellimonas was
specifically decreased in broilers exposed to coccidial challenge (PC and FP group). The
genus Lachnospiraceae_unclassified may have a beneficial effect on gut development and
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health by the production of short-chain fatty acids [27]. A recent study has demonstrated
that the genus Sellimonas is reduced in abundance in the hens challenged with Salmonella
Typhimurium [28]. However, the abundance of the genera Lachnospiraceae_unclassified and
Sellimonas in the cecum of broilers were not affected by fermented products in our study.
Therefore, the role of genera Lachnospiraceae_unclassified and Sellimonas in the cecum of
broilers still need to be confirmed. Taken together, these results suggest that fermented
products increase certain beneficial bacteria populations and reduce the pathogenic bacteria
populations in the gut of broilers. The modification of gut microbiota by fermented
products can help to prevent coccidiosis in broilers.

In the cecum, the short-chain fatty acid and microbial community exert an important
role in maintaining gut health and promoting growth in broilers by regulating the intestinal
morphology and immune response [29]. Short-chain fatty acids and microbial communities
interact with each other via a complicated mechanism in order to create a beneficial
environment for the growth of broilers [30]. In this study, some bacteria (Sellimonas,
Romboutsia, and Ruminococcus torques group) in the cecal digesta were inversely correlated
with short-chain fatty acid levels, indicating that these short-chain fatty acids in the cecum
might inhibit these bacteria growth. These bacteria were also negatively associated with
the growth performance (BW, ADG, and ADFI), implying that these bacteria might be
unfavorable to gut health. The genus Lactobacillus abundance was positively associated
with the short-chain fatty acid levels in the cecum and growth performance (BW and ADG),
indicating Lactobacillus could prevent coccidiosis and improve growth by production of
short-chain fatty acids. A strongly negative correlation between the genre Lactobacillus and
Ruminococcus torques group was also observed in the present study. The administration of
Lactobacillus in the diet can improve intestinal health and reduce the mortality of broilers
suffering from necrotic enteritis [31]. To sum up, Lactobacillus may inhibit the growth
of harmful microbes in the cecum by the production of short-chain fatty acids, thereby
improving the gut health and growth in broilers under coccidial challenge.

The antimicrobial mechanisms of antimicrobial lipopeptide have been widely pro-
posed [32]. Previous studies have reported that B. licheniformis can synthesize antimicrobial
lipopeptides [33,34]. Surfactin, one of B. licheniformis-derived antimicrobial lipopeptides,
exhibits antibacterial activity against a wide range of Gram-positive bacteria, such as Liste-
ria monocytogenes and Methicillin-resistant S. aureus, but does not cause hemolysis [35,36].
Our previous findings have demonstrated that surfactin isolated from fermented products
inhibits the growth of C. perfringens and B. hyodysenteriae [13,14]. In addition to bacte-
ria, surfactin also exhibits anti-parasitic activity against Nosema ceranae and Plasmodium
falciparum [37,38]. Surfactin can reduce parasitosis development of N. ceranae by direct
exposure to spores of N. ceranae, resulting in a reduction in infectivity [38] Surfactin is also
an inhibitor of intraerythrocytic growth of P. falciparum through inhibition of NAD+ and
acetylated peptide [37].

Our preliminary results (data not shown) have demonstrated that surfactin purified
from B. licheniformis-fermented products inhibits sporulation of the Eimeria oocyst and
promotes the death of merozoite in vitro, implying that surfactin may attack Eimeria species
directly. In addition to antimicrobial activity, surfactin also exhibits an inhibitory effect
on lipopolysaccharides-induced inflammation in vitro [39]. Moreover, B. licheniformis also
normalizes the gut microbiota, thereby creating a healthy gut environment by competitive
exclusion of pathogens for the prevention of Eimeria species infection. Thus, the potential
anti-coccidial mechanisms we proposed are (1) surfactin inhibits Eimeria oocyst growth in
the gut, (2) surfactin promotes immunomodulation in the gut mucosal immune system, and
(3) B. licheniformis regulates microbial community by competitive exclusion of pathogens
or production of antimicrobial lipopeptides. However, the precise mechanism of how
fermented products exert anti-coccidial activity in the prevention of coccidiosis remains to
be investigated.

Although the diets were formulated to meet or exceed the requirements of Ross
308 broiler, broilers were kept in the cage in the present study and body weight was less
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than expected at 35 days of age (-7.6%) compared with the Ross 308 broiler management
guide 2019 [40]. Aviagen management handbook is mainly designed to optimize the
growth of Ross 308 broiler for commercial purposes using a floor litter rearing system with
advanced environmental control. Previous studies have reported that the body weight
of broilers from the floor litter group is heavier (+9.6 to 12.0%) than those from the cage
group [41-43]. Therefore, the difference between rearing systems is a possible reason
why the lower body weight of broilers was observed in the present study. It has been
demonstrated that coccidial challenge without vaccination has lower body weight and
higher feed conversion ratio in broilers [44]. In our study, the body weight (35 days of
age), average daily gain (day 21 to 35 and day 1 to 35 of age), and feed conversion ratio
(day 21 to 35 and day 1 to 35 of age) are worsened in the PC group, which is in agreement
with a previous study [44]. Fermented product supplementation could normalize the body
weight (35 days of age) and average daily gain (day 21 to 35 and day 1 to 35 of age) in
broilers exposed to coccidial challenge. However, the feed conversion ratio of the FP group
was not improved at 21 to 35 days and 1 to 35 days of age since the average daily feed
intake was increased. The increased feed intake was also observed in the PC group. There
is no clear explanation for the increased feed intake in the PC and FP group, but we can
speculate that the nutrient digestion and absorption in the PC group is severely impaired
due to coccidial challenge compared with the FP group. It has been reported that the blood
glucose levels of broilers under coccidial challenge are decreased, and blood glucose levels
are negatively associated with appetite [45,46]. Thus, the blood level in the PC group is
supposedly lower due to the low efficiency of nutrient absorption, thereby stimulating
appetite in the hypothalamus. fermented products may promote nutrient utilization by the
production of digestive enzymes, resulting in an increased weight gain. In addition, it has
been reported that probiotics (such as Lactobacillus) can stimulate appetite by activation of
ghrelin receptor (hunger signal) in the hypothalamus [47]. Therefore, the increased feed
intake in the PC and FP groups may be regulated by a different mechanism.

The cellular community—prokaryotes of KEGG function includes quorum sensing and
biofilm formation [48]. Bacteria can regulate the virulence factor production by quorum
sensing and virulence factors increase pathogen colonization, immunoevasion, and im-
munosuppression [48]. The bacterial biofilm formation promotes pathogen adhesion to the
surface of the gut and it also associates with antimicrobial resistance [49]. In our study, the
cellular community—prokaryotes function was up-regulated in the PC group, indicating
that Eimeria species may stimulate pathogen colonization in the gut and suppress host
immune response. However, the effect of cellular community—prokaryotes function in the
cecum of broilers was decreased by fermented products in broilers exposed to coccidial
challenge. The results also support the potential mechanism that fermented product sup-
plementation may create a healthy gut environment by competitive exclusion of pathogens.
Furthermore, the anti-coccidial index evaluated by relative body weight gain, survival
rate, lesion score index, and oocyst count index was worsened in the PC group, whereas
fermented products produced by B. licheniformis could increase the anti-coccidial index
of broilers under coccidial challenge. This finding is in agreement with the results of
Chaudhari et al. [12], who observed that B. licheniformis can improve body weight gain,
intestinal lesion score, and fecal oocysts in broilers challenged with mixed coccidia infection.
Taken together, fermented products produced by B. licheniformis can regulate microbial
community by competitive exclusion of pathogens for the prevention of Eimeria species
infection in broilers.

5. Conclusions

In conclusion, fermented products potentially improved average daily gain at 21
to 35 days of age and exhibited anti-coccidial activity in broilers. A distinct separation
of cecal microbial communities was found between the FP and PC groups. Therefore,
fermented products produced by B. licheniformis have the potential for development as an
anti-coccidial feed additive for broilers.



Animals 2021, 11, 1245 15 0f 17

Author Contributions: Conceptualization, Y.-H.C. and Y.-H.Y.; methodology, Y.-H.C. and Y.-H.Y,;
validation, Y.-B.H. and Y.-H.Y,; formal analysis, Y.-H.C., Y.-B.H. and Y.-H.Y,; investigation, Y.-H.C.
and Y.-H.Y,; resources, Y.-H.C.; data curation, Y.-H.C., W.-].C,, K.-EH., A.D. and Y.-H.Y.; writing—
review and editing, Y.-H.C., A.D. and Y.-H.Y,; writing—original draft preparation, Y.-H.Y.; project
administration, Y.-H.C. and Y.-H.Y.; funding acquisition, Y.-H.C. and Y.-H.Y,; supervision, Y.-H.C.
and Y.-H.Y. All authors have read and agreed to the published version of the manuscript.

Funding: This research was funded by Ministry of Science and Technology, grant number MOST
109-2321-B-197-006, MOST 108-2321-B-197-001, and MOST 107-2321-B-197-002.

Institutional Review Board Statement: The study was conducted according to the guidelines of the
national ethical guidelines and approved by the Institutional Animal Care and Use Committee of
National Ilan University (protocol code 107-12).

Data Availability Statement: The data presented in this study are available on request from the
corresponding author.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Lillehoj, H.S,; Lillehoj, E.P. Avian coccidiosis. A review of acquired intestinal immunity and vaccination strategies. Avian Dis.
2006, 44, 408-425. [CrossRef]

2. Dalloul, R.A;; Lillehoj, H.S.; Shellem, T.A.; Doerr, J.A. Enhanced mucosal immunity against Eimeria acervulina in broilers fed a
Lactobacillus-based probiotic. Poult. Sci. 2003, 82, 62—66. [CrossRef]

3. Quiroz-Castafieda, R.E.; Dantan-Gonzalez, E. Control of avian coccidiosis: Future and present natural alternatives.
Biomed. Res. Int. 2015, 2015, 430610. [CrossRef] [PubMed]

4. Abudabos, A.; Alyemni, A.H.; Hussein, E.O.S.; Al-Ghadi, M.Q. Anticoccidial effect of some natural products in experimentally
induced Eimeria spp. infection on carcass quality, intestinal lesion and ileal histology in broilers. J. Anim. Plant Sci. 2018, 28, 73-79.

5. Alhotan, R.A.; Abudabos, A. Anticoccidial and antioxidant effects of plants derived polyphenol in broilers exposed to induced
coccidiosis. Environ. Sci. Pollut. Res. Int. 2019, 26, 14194-14199. [CrossRef] [PubMed]

6. Barbosa, T.M.; Serra, C.R.; La Ragione, R.M.; Woodward, M.].; Henriques, A.O. Screening for Bacillus isolates in the broiler
gastrointestinal tract. Appl. Environ. Microbiol. 2005, 71, 968-978. [CrossRef]

7.  Hafeez, A,; Ullah, Z.; Khan, R.U,; Ullah, Q.; Naz, S. Effect of diet supplemented with coconut essential oil on performance and
villus histomorphology in broiler exposed to avian coccidiosis. Trop. Anim. Health Prod. 2020, 52, 2499-2504. [CrossRef] [PubMed]

8.  Ahmad, Z.; Hafeez, A.; Ullah, Q.; Naz, S.; Khan, R.U. Protective effect of Aloe vera on growth performance, leucocyte count and
intestinal injury in broiler chicken infected with coccidiosis. J. Appl. Anim. Res. 2020, 48, 252-256. [CrossRef]

9. Knap, I; Lund, B.; Kehlet, A.B.; Hofacre, C.; Mathis, G. Bacillus licheniformis prevents necrotic enteritis in broiler chickens.
Avian Dis. 2010, 54, 931-935. [CrossRef] [PubMed]

10. Gong, L.; Wang, B.; Mei, X.; Xu, H.; Qin, Y,; Li, W.; Zhou, Y. Effects of three probiotic Bacillus on growth performance, digestive
enzyme activities, antioxidative capacity, serum immunity, and biochemical parameters in broilers. Anim. Sci. ]. 2018, 89,
1561-1571. [CrossRef]

11. Musa, B.B;; Duan, Y.; Khawar, H.; Sun, Q.; Ren, Z.; Mohamed, M.A.E.; Abbasi, LH.R.; Yang, X. Bacillus subtilis B21 and
Bacillus licheniformis B26 improve intestinal health and performance of broiler chickens with Clostridium perfringens-induced
necrotic enteritis. J. Anim. Physiol. Anim. Nutr. 2019, 103, 1039-1049. [CrossRef]

12.  Chaudhari, A.A,; Lee, Y,; Lillehoj, H.S. Beneficial effects of dietary supplementation of Bacillus strains on growth performance
and gut health in chickens with mixed coccidiosis infection. Vet. Parasitol. 2019, 277, 109009. [CrossRef]

13. Lin, ER,; Cheng, Y.H.; Hsiao, ES.H.; Proskura, W.S.; Dybus, A.; Yu, Y.H. Optimization of solid-state fermentation conditions
of Bacillus licheniformis and its effects on Clostridium perfringens-induced necrotic enteritis in broilers. R. Bras. Zootec. 2019, 48,
€20170298. [CrossRef]

14. Horng, Y.B,; Yu, YH.; Dybus, A.; Hsiao, ES.; Cheng, Y.H. Antibacterial activity of Bacillus species-derived surfactin on
Brachyspira hyodysenteriae and Clostridium perfringens. AMB Express 2019, 9, 188. [CrossRef] [PubMed]

15.  Chen, Y.C.; Yu, Y.H. Bacillus licheniformis-fermented products improve growth performance and the fecal microbiota community
in broilers. Poult. Sci. 2020, 99, 1432-1443. [CrossRef]

16. Cheng, Y.H.; Horng, Y.B.; Dybus, A.; Yu, Y.H. Bacillus licheniformis-fermented products improve growth performance and intestinal
gut morphology in broilers under Clostridium perfringens challenge. J. Poult. Sci. 2021, 58, 30-39. [CrossRef]

17. Huang, G.; Tang, X,; Bi, F.; Hao, Z.; Han, Z; Suo, J.; Zhang, S.; Wang, S.; Duan, C.; Yu, Z.; et al. Eimeria tenella infection perturbs
the chicken gut microbiota from the onset of oocyst shedding. Vet. Parasitol. 2018, 258, 30-37. [CrossRef]

18.  Chen, H.L.; Zhao, X.Y.; Zhao, G.X.; Huang, H.B.; Li, H.R,; Shi, CW.; Yang, W.T,; Jiang, Y.L.; Wang, ].Z.; Ye, L.P,; et al. Dissection of
the cecal microbial community in chickens after Eimeria tenella infection. Parasit. Vectors 2020, 13, 56. [CrossRef] [PubMed]

19. Johnson, J.; Reid, WM. Anticoccidial drugs: Lesion scoring techniques in battery and floor-pen experiments with chickens.

Exp. Parasitol. 1970, 28, 30-36. [CrossRef]


http://doi.org/10.2307/1592556
http://doi.org/10.1093/ps/82.1.62
http://doi.org/10.1155/2015/430610
http://www.ncbi.nlm.nih.gov/pubmed/25785269
http://doi.org/10.1007/s11356-019-04615-2
http://www.ncbi.nlm.nih.gov/pubmed/30864034
http://doi.org/10.1128/AEM.71.2.968-978.2005
http://doi.org/10.1007/s11250-020-02279-6
http://www.ncbi.nlm.nih.gov/pubmed/32377969
http://doi.org/10.1080/09712119.2020.1773473
http://doi.org/10.1637/9106-101509-ResNote.1
http://www.ncbi.nlm.nih.gov/pubmed/20608542
http://doi.org/10.1111/asj.13089
http://doi.org/10.1111/jpn.13082
http://doi.org/10.1016/j.vetpar.2019.109009
http://doi.org/10.1590/rbz4820170298
http://doi.org/10.1186/s13568-019-0914-2
http://www.ncbi.nlm.nih.gov/pubmed/31754906
http://doi.org/10.1016/j.psj.2019.10.061
http://doi.org/10.2141/jpsa.0200010
http://doi.org/10.1016/j.vetpar.2018.06.005
http://doi.org/10.1186/s13071-020-3897-6
http://www.ncbi.nlm.nih.gov/pubmed/32046772
http://doi.org/10.1016/0014-4894(70)90063-9

Animals 2021, 11, 1245 16 of 17

20.
21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.
41.

42.

43.

44.

45.

46.

47.

Pan, D.; Yu, Z. Intestinal microbiome of poultry and its interaction with host and diet. Gut Microbes. 2014, 5, 108-119. [CrossRef]
Malinen, E.; Krogius-Kurikka, L.; Lyra, A.; Nikkild, J.; Jadskeldinen, A.; Rinttild, T.; Vilpponen-Salmela, T.; von Wright, A.].;
Palva, A. Association of symptoms with gastrointestinal microbiota in irritable bowel syndrome. World ]. Gastroenterol. 2010, 16,
4532-4540. [CrossRef]

De Cesare, A.; Sirri, F.; Manfreda, G.; Moniaci, P; Giardini, A.; Zampiga, M.; Meluzzi, A. Effect of dietary supplementation with
Lactobacillus acidophilus D2 /CSL (CECT 4529) on caecum microbioma and productive performance in broiler chickens. PLoS ONE
2017, 12, €0176309. [CrossRef]

Chen, HW.; Yu, Y.H. Effect of Ganoderma lucidum extract on growth performance, fecal microbiota, and bursal transcriptome in
broilers. Anim. Feed Sci. Technol. 2020, 267, 114551. [CrossRef]

Tierney, J.; Gowing, H.; Van Sinderen, D.; Flynn, S.; Stanley, L.; McHardy, N.; Hallahan, S.; Mulcahy, G. In vitro inhibition of
Eimeria tenella invasion by indigenous chicken Lactobacillus species. Vet. Parasitol. 2004, 122, 171-182. [CrossRef] [PubMed]
Dalloul, R.A.; Lillehoj, H.S.; Tamim, N.M.; Shellem, T.A.; Doert, J.A. Induction of local protective immunity to Eimeria acervulina
by a Lactobacillus-based probiotic. Comp. Immunol. Microbiol. Infect. Dis. 2005, 28, 351-361. [CrossRef] [PubMed]

Qiao, H.; Shi, H.; Zhang, L.; Song, Y.; Zhang, X.; Bian, C. Effect of Lactobacillus plantarum supplementation on production
performance and fecal microbial composition in laying hens. Open Life Sci. 2019, 14, 69-79. [CrossRef] [PubMed]

Biddle, A.; Stewart, L.; Blanchard, J.; Leschine, S. Untangling the genetic basis of fibrolytic specialization by Lachnospiraceae and
Ruminococcaceae in diverse gut communities. Diversity 2013, 5, 627—-640. [CrossRef]

Khan, S.; Chousalkar, K.K. Salmonella Typhimurium infection disrupts but continuous feeding of Bacillus based probiotic restores
gut microbiota in infected hens. J. Animal Sci. Biotechnol. 2020, 11, 29. [CrossRef] [PubMed]

Besten, D.G.; Eunen, K.V,; Groen, A K.; Venema, K.; Reijngoud, D.].; Bakker, B.M. The role of short-chain fatty acids in the
interplay between diet, gut microbiota, and host energy metabolism. J. Lipid Res. 2013, 54, 2325-2340. [CrossRef] [PubMed]
Ahsan, U,; Cengiz, O.; Raza, 1; Kuter, E.; Chacher, M.EA.; Igbal, Z.; Umar, S.; Cakir, S. Sodium butyrate in chicken nutrition: The
dynamics of performance, gut microbiota, gut morphology, and immunity. Worlds Poult. Sci. ]. 2016, 72, 265-275. [CrossRef]

Li, Z.; Wang, W.; Liu, D.; Guo, Y. Effects of Lactobacillus acidophilus on the growth performance and intestinal health of broilers
challenged with Clostridium perfringens. J. Anim. Sci. Biotechnol. 2018, 9, 25. [CrossRef] [PubMed]

Seydlova, G.; Svobodova, J. Review of surfactin chemical properties and the potential biomedical applications. Cent. Eur. J. Med.
2008, 3, 123-133. [CrossRef]

Pecci, Y; Rivardo, F.; Martinotti, M.G.; Allegrone, G. LC/ESI-MS/MS characterisation of lipopeptide biosurfactants produced by
the Bacillus licheniformis V9T14 strain. . Mass Spectrom. 2010, 45, 772-778. [CrossRef]

Sumi, C.D.; Yang, BW.; Yeo, 1.C.; Hahm, Y.T. Antimicrobial peptides of the genus Bacillus: A new era for antibiotics.
Can. J. Microbiol. 2015, 61, 93-103. [CrossRef] [PubMed]

Dischinger, J.; Josten, M.; Szekat, C.; Sahl, H.G.; Bierbaum, G. Production of the novel two-peptide lantibiotic lichenicidin by
Bacillus licheniformis DSM 13. PLoS ONE 2009, 4, e6788. [CrossRef]

Abdel-Mohsein, H.; Sasaki, T.; Tada, C.; Nakai, Y. Characterization and partial purification of a bacteriocin-like substance
produced by thermophilic Bacillus licheniformis H1 isolated from cow manure compost. Anim. Sci. J. 2011, 82, 340-351. [CrossRef]
Chakrabarty, S.P,; Saikumari, Y.K.; Bopanna, M.P.; Balaram, H. Biochemical characterization of Plasmodium falciparum Sir2, a
NAD+-dependent deacetylase. Mol. Biochem. Parasitol. 2008, 158, 139-151. [CrossRef]

Porrini, M.P,; Audisio, M.C.; Sabaté, D.C.; Ibarguren, C.; Medici, S.K.; Sarlo, E.G.; Garrido, PM.; Eguaras, M.]. Effect of bacterial
metabolites on microsporidian Nosema ceranae and on its host Apis mellifera. Parasitol. Res. 2010, 107, 381-388. [CrossRef]
[PubMed]

Zhang, Y.; Liu, C.; Dong, B.; Ma, X.; Hou, L.; Cao, X.; Wang, C. Anti-inflammatory activity and mechanism of surfactin in
lipopolysaccharide-activated macrophages. Inflammation 2015, 38, 756-764. [CrossRef] [PubMed]

Aviagen. ROSS 308 ROSS 308FF Performance Objectives; Aviagen Inc: Huntsville, AL, USA, 2019.

Santos, EB.O.; Santos, A.A.; Oviedo-Rondon, E.O.; Ferket, PR. Influence of housing system on growth performance and intestinal
health of Salmonella-challenged broiler chickens. Curr. Res. Poult. Sci. 2012, 2, 1-10. [CrossRef]

Li, Y;; Luo, C.; Wang, ]J.; Guo, F. Effects of different raising systems on growth performance, carcass, and meat quality of
medium-growing chickens. . Appl. Anim. Res. 2017, 45, 326-330. [CrossRef]

Li, J.; Miao, Z.; Tian, W.; Yang, Y.; Wang, ].; Yang, Y. Effects of different rearing systems on growth, small intestinal morphology
and selected indices of fermentation status in broilers. Anim. Sci. J. 2017, 88, 900-908. [CrossRef] [PubMed]

Cowieson, AJ.; Livingston, M.L.; Nogal, B.; Hoang, V.; Wang, Y.T.; Crespo, R.; Livingston, K.A. Effect of coccidial challenge and
vaccination on the performance, veterinary postmortem scores, and blood biochemistry of broiler chickens. Poult. Sci. 2020, 99,
3831-3840. [CrossRef] [PubMed]

Bafundo, K.W.; da Costa, M.].; Pesti, G.M. Blood glucose concentrations in nicarbazin-fed broiler chickens. Avian Dis. 2018, 62,
114-116. [CrossRef] [PubMed]

Flint, A.; Gregersen, N.T.; Gluud, L.L.; Meller, B.K.; Raben, A.; Tetens, I; Verdich, C.; Astrup, A. Associations between postprandial
insulin and blood glucose responses, appetite sensations and energy intake in normal weight and overweight individuals: A
meta-analysis of test meal studies. Br. J. Nutr. 2007, 98, 17-25. [CrossRef] [PubMed]

Fuentes, C.T.; Schellekens, H.; Hoevenaars, N.; Ross, P.; Bernard, R.; Stanton, C.; Dinan, T.G.; Cryan, J.F. Identification of novel
probiotics to modify appetite and satiety directly targeting the ghrelin receptor. FASEB J. 2016. [CrossRef]


http://doi.org/10.4161/gmic.26945
http://doi.org/10.3748/wjg.v16.i36.4532
http://doi.org/10.1371/journal.pone.0176309
http://doi.org/10.1016/j.anifeedsci.2020.114551
http://doi.org/10.1016/j.vetpar.2004.05.001
http://www.ncbi.nlm.nih.gov/pubmed/15219358
http://doi.org/10.1016/j.cimid.2005.09.001
http://www.ncbi.nlm.nih.gov/pubmed/16293311
http://doi.org/10.1515/biol-2019-0009
http://www.ncbi.nlm.nih.gov/pubmed/33817139
http://doi.org/10.3390/d5030627
http://doi.org/10.1186/s40104-020-0433-7
http://www.ncbi.nlm.nih.gov/pubmed/32211190
http://doi.org/10.1194/jlr.R036012
http://www.ncbi.nlm.nih.gov/pubmed/23821742
http://doi.org/10.1017/S0043933916000210
http://doi.org/10.1186/s40104-018-0243-3
http://www.ncbi.nlm.nih.gov/pubmed/29599973
http://doi.org/10.2478/s11536-008-0002-5
http://doi.org/10.1002/jms.1767
http://doi.org/10.1139/cjm-2014-0613
http://www.ncbi.nlm.nih.gov/pubmed/25629960
http://doi.org/10.1371/journal.pone.0006788
http://doi.org/10.1111/j.1740-0929.2010.00835.x
http://doi.org/10.1016/j.molbiopara.2007.12.003
http://doi.org/10.1007/s00436-010-1875-1
http://www.ncbi.nlm.nih.gov/pubmed/20467753
http://doi.org/10.1007/s10753-014-9986-y
http://www.ncbi.nlm.nih.gov/pubmed/25331175
http://doi.org/10.3923/crpsaj.2012.1.10
http://doi.org/10.1080/09712119.2016.1190735
http://doi.org/10.1111/asj.12697
http://www.ncbi.nlm.nih.gov/pubmed/27723183
http://doi.org/10.1016/j.psj.2020.05.018
http://www.ncbi.nlm.nih.gov/pubmed/32731969
http://doi.org/10.1637/11789-122717-ResNote.1
http://www.ncbi.nlm.nih.gov/pubmed/29620456
http://doi.org/10.1017/S000711450768297X
http://www.ncbi.nlm.nih.gov/pubmed/17524176
http://doi.org/10.1096/fasebj.30.1_supplement.717.2

Animals 2021, 11, 1245 17 of 17

48. Rutherford, S.T.; Bassler, B.L. Bacterial quorum sensing: Its role in virulence and possibilities for its control. Cold Spring Harb.

Perspect. Med. 2012, 2, a012427. [CrossRef]
49. Jamal, M.; Ahmad, W.; Andleeb, S; Jalil, E; Imran, M.; Nawaz, M.A.; Hussain, T.; Ali, M.; Rafig, M.; Kamil, M.A. Bacterial biofilm

and associated infections. J. Chin. Med. Assoc. 2018, 81, 7-11. [CrossRef]


http://doi.org/10.1101/cshperspect.a012427
http://doi.org/10.1016/j.jcma.2017.07.012

	Introduction 
	Materials and Methods 
	Experimental Design 
	Evaluation of Anti-Coccidial Index 
	16S Ribosomal RNA Gene Sequencing and Data Processing 
	Cecal Short-Chain Fatty Acid Measurement 
	Statistical Analysis 

	Results 
	Effect of Fermented Products Produced by B. licheniformis on the Growth Performance, Anti-Coccidial Index, and Cecal Short-Chain Fatty Acid Levels of Broilers Exposed to Coccidial Challenge 
	Effect of Fermented Products Produced by B. licheniformis on the Cecal Bacterial Community Composition of Broilers in Response to the Coccidial Challenge 
	Effects of Fermented Products Produced by B. licheniformis on the Cecal Bacterial Taxonomic Distribution in Broilers Exposed to Coccidial Challenge 
	Correlation between the Abundance of the Genera, Growth Performance, and Cecal Short-Chain Fatty Acid Levels 

	Discussion 
	Conclusions 
	References

